The equilibrium structure of tris(chloromethyl)amine, N(CH 2 Cl) 3 , has been determined in the gas phase using electron diffraction. Single-step distance corrections (representing the differences between the interatomic distances from the equilibrium structure and those from the vibrationally averaged structure) and amplitudes of vibration have been computed using semiempirical molecular dynamics (SE-MD) simulations in order to treat accurately the description of the low-frequency, largeamplitude vibrational modes associated particularly with one CH 2 Cl group. A series of complementary theoretical calculations using the SOGGA11-X DFT functional with correlation-consistent basis sets of double-, triple-, and quadruple-ζ quality is also presented. The agreement between the experimental and theoretical equilibrium structural parameters attests to the accuracy of the applied theoretical calculations and of our gas-phase structural solution. Raman spectra have been recorded over a range of temperatures, allowing the solid and the melt to be studied, and the Raman-active intramolecular modes to be identified. Free from the influence of intermolecular interaction, the structure of tris(chloromethyl)amine in the gas phase is markedly different to that reported in the literature for the single crystal. This is discussed, and evidence for the anomeric effect in tris(chloromethyl)amine is evaluated.
Introduction
Tris(chloromethyl)amine, N(CH 2 Cl) 3 , (abbreviated TCMA) belongs to a family of tertiary amines that have non-typical near-planar geometries at their amine centers [1] . Members of this family have attracted the interest of the gas electron diffraction (GED) community before; the structure of tris(trifluoromethyl)amine, N(CF 3 ) 3 , was established using GED in 1956 by Livingston and Vaughan [2] and was studied again with more modern techniques by Bürger, Niepel, and Pawelke in 1979 [3] . The determination of the structure of tris(2,2,2-trifluoroethyl)amine, N(CH 2 CF 3 ) 3 , by Dimitrov et al. followed in 1994 [4] . For both species, the C-N-C′ angles about the amine center were determined to be close to 120°{N(CF 3 ) 3 C-N-C′ = 117.9(4)° [3] ; N(CH 2 CF 3 ) 3 C-N-C′ = 116.6(9)° [4] }, an observation that Klapötke et al. [1] have also made in their recent work on the synthesis and characterization via X-ray diffraction (XRD) of TCMA in the single crystal. A number of unique derivatives including tris(azidomethyl)amine, N(CH 2 N 3 ) 3 , and tris(5-nitrotetrazol-2-ylmethyl)amine, N(CH 2 [N 4 CNO 2 ]) 3 , were subsequently synthesized from TCMA and characterized by Klapötke et al. [1] . TCMA and tris(5-nitrotetrazol-2-ylmethyl)amine were determined to have similarly near-planar amide centers {TCMA C-NElectronic supplementary material The online version of this article (https://doi.org/10.1007/s11224-018-1089-1) contains supplementary material, which is available to authorized users. C′ = 119.58(13)° [1] ; N(CH 2 (N 4 CNO 2 )) 3 C-N-C′ = 119.81(13)° [1] } and a predisposition towards substitution at the CH 2 group which was found to be synthetically valuable [1] . In contrast, alkylated tertiary amines such as N(CH 3 ) 3 and N(CH 2 CH 3 ) 3 typically have somewhat pyramidalized amine centers {N(CH 3 ) 3 C-N-C′ = 110.9(4)°[5]}. GED [5] [6] [7] [8] [9] , spectroscopic [10] [11] [12] [13] [14] , and dynamic NMR [15] studies targeting these species have been reported in the literature. The non-typical geometry of TCMA-which is not only defined by the near-planar amide center, but also by measureably shortened and lengthened N-C and C-Cl bonds {TCMA N-C = 140.9(4) pm, N-C′ = 141.1(2) pm, C-Cl = 184.1(3) pm, C′-Cl′ = 185.8(2) pm [1] }, respectively, and a wider-thantetrahedral N-C-Cl angle {TCMA N-C-Cl = 114.57 (19) °, N-C′-Cl′ = 114.35(16)° [1] }-is a manifestation of the generalized anomeric effect [16] , which represents an extension of classic anomeric effect [17] beyond carbohydrate chemistry. The characteristic geometric consequences of the anomeric effect are particularly obvious in the absence of intermolecular interaction in the gas phase. Oberhammer et al. [18] [19] [20] [21] [22] [23] [24] [25] have published prolifically on the subject and presented a number of theoretical calculations and high-quality structural solutions using GED, notably for N(CH 3 ) 2 (CH 2 F) [19] , NX 2 (CF 3 ) (where X is F [20] , Cl [21] , and Br [22] ), N(CH 3 )(CF 3 ) 2 [20] , and (N(CF 3 )) 2 [23, 24] , noting these geometric consequences in every case, and, more recently, for N-azidomethylpyrrolidine [25] , although the strength of the anomeric effect, and consequently the extent to which they manifest, varies case by case. This work is summarized succinctly by Oberhammer in Ref. 18 , to which readers are referred. One of the strongest anomeric effects has previously been predicted theoretically for NH 2 (CH 2 F) [26] [27] [28] [29] [30] , although it has yet to be observed in the gas phase on account of the instability of the species in question [18] . On paper, TCMA shares structural similarities with tris(2-chloroethyl)amine, N(CH 2 CH 2 Cl) 3, a powerful military-grade blister agent associated with acute cytotoxicity [31] [32] [33] [34] , but on the basis of the work by Oberhammer et al. [18] [19] [20] [21] [22] [23] [24] [25] ; the three-dimensional geometry around the amide center should be anticipated to be quite different. Indeed, the structural solution in the gas phase from GED may be anticipated to be quite different to that obtained for the single crystal using XRD, as work by Mitzel et al. [35] [36] [37] [38] [39] has demonstrated.
Experimental section
Synthetic procedure A tenfold-reduced-scale synthesis of TCMA was carried out according to the synthetic procedure outlined by Fluck and Meiser [40] . TCMA was characterized by both 1 H and 13 C NMR spectroscopy.
Theoretical calculations and semi-empirical molecular dynamics All theoretical calculations were carried out using the Gaussian09 Rev. D01 software suite [41] , while all semiempirical molecular dynamics (SE-MD) simulations were carried out using the CP2K MD code [42] . The computational resources required for the former were provided by the York Advanced Research Computing Cluster [43] ; those required for the latter were provided by the UK National Service for Computational Chemistry Software (NSCCS) [44] . The nuclear labelling scheme referred to throughout this article is outlined in Fig. 1 .
The highest-level geometry optimizations of TCMA were carried out in the C s symmetry point group using the SOGGA11-X [45] DFT functional and the cc-pVDZ, ccpVTZ, and cc-pVQZ basis sets [46, 47] . Two stationary points were located at this level and the characters of these points were verified using vibrational frequency analysis and confirmed to correspond to minima on the ground-state potential surface. A transition state connecting the two stationary points was located using the synchronous transit-guided quasiNewton (QST2) approach [48, 49] and optimized in the C 1 symmetry point group using the SOGGA11-X DFT functional and the cc-pVDZ, cc-pVTZ, and cc-pVQZ basis sets. The character of the transition state was verified using vibrational frequency analysis.
To establish flexible restraints for use in the SARACENtype [50] [51] [52] GED least-squares refinement procedure, a series of geometry optimizations was carried out in the C s symmetry point group using the B3LYP [53, 54] , B3P86 [53, 55] , B3PW91 [53, 56] , and wB97XD [57] DFT functionals and employing a scaling range of basis sets of increasing completeness, all belonging to the def2 family [58] (def2-SVP, def2-TZVPP, and def2-QZVPP). Fig. 1 The lowest-energy ground-state structure of TCMA; the nuclear labelling scheme is outlined The geometry of methenamine (N 4 C 6 H 12 ), a common impurity readily formed on exposure of TCMA to moisture, was optimized in the T d symmetry point group using the SOGGA11-X DFT functional and the cc-pVDZ, cc-pVTZ, and cc-pVQZ basis sets. A single stationary point was located at this level and the character of this point was verified using vibrational frequency analysis and confirmed to correspond to a minimum on the ground-state potential surface.
Raman frequencies and activities were computed for TCMA and methenamine in the C s and T d symmetry point groups, respectively, using the SOGGA11-X DFT functional and the cc-pVTZ basis set.
Where complete basis set (CBS) quality results are referenced (i.e., SOGGA11-X/CBS), the property in question has been extrapolated to the CBS limit via fitting cc-pVDZ, ccpVTZ, and cc-pVQZ results with a function of the form:
in which y CBS is the value of the extrapolated property, y, at the CBS limit, x takes the values 2, 3, and 4 for cc-pVDZ, ccpVTZ, and cc-pVQZ results, respectively, and α and β are fitting parameters. An SE-MD simulation was carried out using the PM6 parameterization method [59] in the NVT ensemble. The lowestenergy ground-state conformation of TCMA (confirmed via theoretical calculations at the SOGGA11-X/cc-pVQZ level) was pre-optimized using the PM6 parameterization method and used as a starting point for the SE-MD simulation. The system was subsequently propagated through time for 0.5 ns using a 1.0-fs time step. The temperature of the system was set to match the average nozzle temperature used in GED data collection (404 K) and was regulated using a chain of five Nosé-Hoover thermostats operating with a wavenumber of 3335 cm −1 . A set of single-step distance corrections, amplitudes of vibration, and anharmonicity constants was extracted from 0.25 ns of the SE-MD simulation using MD-SIM v0.5.1 [Zakharov, A.V.; personal communication] in accordance with established procedure [60] [61] [62] [63] .
GED data acquisition GED data for TCMA were acquired using the Edinburgh GED apparatus [64] , now housed at the University of Canterbury, NZ. An accelerating potential of 40 keV was applied, producing electrons with an approximate wavelength of 6.0 pm. The scattering intensities were recorded on Kodak Electron Image films at nozzle-to-film distances of 84.5 and 230.0 mm. The sample and nozzle were heated to 351 and 393 K, respectively, for the longer nozzle-to-film distance and to 395 and 413 K, respectively, for the shorter nozzle-to-film distance. A summary of the experimental parameters is tabulated in Table S1 .
All GED data were acquired at the University of Edinburgh, UK, and analyzed at the University of York, UK.
GED data reduction An Epson Expression 1680 Pro flat-bed scanner was used to digitize the scattering intensities recorded on the Kodak Electron Image films; digitized diffraction patterns were reduced to molecular intensity curves (MICs) using an azimuthal averaging routine implemented in the in-housedeveloped data extraction package xtract [Nunes, J. P. F.; personal communication].
Raman spectroscopy Raman spectroscopic data for TCMA were acquired using a confocal microscope adapted from a commercially available inverted fluorescence microscope (Olympus, IX70) and pumped by a 785-nm fiber-coupled diode laser. Volume Bragg-type bandpass filters were used to filter background emission from the pump laser prior to direction of the beam into a × 40 microscope objective (NA = 0.65) by a final bandpass filter. Rayleigh and Raman scattered light was collected in a 180°back-scattering geometry through the × 40 microscope objective. The scattered light was filtered by three sequential notch filters and focused into a 50-μm optical fiber coupled to a near-IR lens spectrometer (Acton Series LS785, Princeton Instruments) imaged via a CCD camera (PIXIS 400, Princeton Instruments). The typical pump power at the sample measured 20 mW. Integration times ranged from 60 to 300 s. Thirty sets of Raman spectroscopic data were acquired in total, 10 at each 293, 333, and 393 K using an in-house-built temperature stage.
All Raman spectroscopic data were acquired at Massey University, NZ, and analyzed at the University of York, UK.
Results and discussion
Gas-phase conformations of tris(chloromethyl)amine Our theoretical calculations using the SOGGA11-X DFT functional located two stationary points corresponding to minima on the ground-state potential surface of TCMA; these points are labeled A and B in Fig. 2 . A transition state connecting A and B (TS A,B ) was located at the same level. Cartesian coordinates and energies from these theoretical calculations using the ccpVDZ, cc-pVTZ, and cc-pVQZ basis sets are tabulated in Tables S2-S7. A and B are pseudo-rotameric structures that differ primarily in their dihedral angle, dC 2 -N 1 -C 4 -Cl 11 . A and B formally both belong to the C s symmetry point group. In A, one CH 2 Cl group is configured synperiplanar to the lone pair on the amine center and two CH 2 Cl groups are configured antiperiplanar; in B, all CH 2 Cl groups are configured antiperiplanar. Consequently, B closely resembles the C s -symmetric Bbarstool^structure adopted by TCMA in the single crystal, as determined by Klapötke et al. [1] using XRD, but is of higher energy than A in the gas phase.
B is evaluated to be 8.9 kJ mol −1 higher in energy than A at the SOGGA11-X/CBS level. A barrier to interconversion between A and B of ca. 30 kJ mol −1 can be estimated from ), it is estimated to be approximately 3%. As this is below the sensitivity of the GED technique and as the barrier to interconversion evaluated at this level is high, B was not considered to be present in the GED experiment.
The least-squares refinement procedure therefore employed a parameterized molecular model describing only A in terms of 13 refinable parameters comprising five internuclear distances (p 1 -p 5 ), six angles (p 6 -p 11 ), and two dihedral angles (p 12 -p 13 ). The C s symmetry of A was exploited in order to construct the parameterized molecular model such that it used as few refinable parameters as possible. A description of the parameterized molecular model can be found in the Supporting Information (Eq. S1-S24).
GED data analysis The parameterized molecular model was employed in the ed@ed v3.0 least-squares refinement program [65, 66] using the electron scattering factors of Ross et al. [67] to conduct a SARACEN-type least-squares refinement. The weighting points for off-diagonal weight matrices, scaling factors, and correlation parameters can be found in Table S8 . The correlation matrix can be found in Table S9 . The least-squares refinement procedure yielded interatomic distances of the r e,MD type [62] , in recognition of the fact that a single-step r a -r e correction computed via SE-MD simulation was applied. SARACEN restraints were based on the highest-level SOGGA11-X/cc-pVQZ theoretical parameters and applied to seven of the 13 refinable parameters. Estimates of the uncertainties related to the SARACEN restraint values were derived from sequential DFT geometry optimizations using the B3LYP, B3P86, B3PW91, and wB97XD functionals. Cartesian coordinates and energies from these theoretical calculations using the def2-SVP, def2-TZVPP, and def2-QZVPP basis sets are tabulated in Tables S10-S24. A complete list of the refined and theoretical (SOGGA11-X/cc-pVQZ) parameters with accompanying SARACEN restraints can be found in Table S25 .
All amplitudes of vibration associated with a given peak in the radial distribution curve (RDC) were tied using a fixed ratio to the amplitude of vibration associated with the nuclear pair that gave rise to the largest scattering effect under that peak. Only this amplitude of vibration was refined for each peak in the RDC. Of the nine amplitudes of vibration that were refined, four were refined freely while five were restrained. A complete list of internuclear distances, refined and theoretical amplitudes of vibration, and distance corrections can be found in Table S26 .
The experimentally acquired and experimental-minustheoretical Bdifference^MICs are presented in Fig. 3 . Fourier transformation of the MIC yields the RDC; an experimentally acquired and experimental-minus-theoretical difference RDC for A is presented in Fig. 4 .
The R G factor obtained for the least-squares refinement of A was 0.097 and the R D factor (which ignores the off-diagonal elements of the weight matrix) was 0.059. Readers unfamiliar with the difference between the R G and R D factors may find Ref. 68 instructive. Refined Cartesian coordinates for the experimentally determined structure of A can be found in Table S27 . Table 1 contains selected equilibrium structural parameters for A.
The structure of A is accurately determined using GED, with internuclear distances and angles typically being determined to within an uncertainty of a little over a tenth of a picometer and of a degree, respectively. The agreement between the values of the experimental and theoretical equilibrium structural parameters attests to the acceptable accuracy of the applied theoretical calculations at the SOGGA11-X/ccpVQZ level and of our GED structural solution. All internuclear distances and angles are determined via GED to 1.6(1) pm and 0.62(13)°of the SOGGA11-X/cc-pVQZ results, respectively.
It is clear on visual inspection of the final single peak in the RDC in Fig. 4 that A, in which one CH 2 Cl group is configured synperiplanar to the lone pair on the amine center and two CH 2 Cl groups are configured antiperiplanar, is the structure adopted in the gas phase. Were this not to be the case, the final peak in the RDC {rCl 5 ···Cl 11 , r a = 481.1(6) pm} would either be shifted to a smaller r a value, indicative of B, or split into two peaks, indicative of an alternative C 1 -symmetric structure with one or more CH 2 Cl groups configured synclinal. Oberhammer et al. have previously applied a similar rationale to N(CH 3 ) 2 (CH 2 F) [19] . To obtain a measure for the dihedral dC 2 -N 1 -C 4 -Cl 11 , which is characteristic of the configuration adopted, 22 least-squares refinements have been carried out with dC 2 -N 1 -C 4 -Cl 11 set to values greater than and less than that associated with the ideal synperiplanar configuration to give a series of R G /R G,Min. datapoints, presented in Fig. 5 . The 99% confidence limit is indicated.
The anomeric effect in tris(chloromethyl)amine It is of particular interest to the structural community to note that all N-C internuclear distances in the experimentally determined structure of A {rN 1 -C 2 = rN 1 -C 3 = 139.1(2) pm, rN 1 -C 4 = 140.0(2) pm} are substantially shorter than the typical N-C(sp 3 ) internuclear distances found in free molecules of analogous alkylated tertiary amines in the gas phase {NH 2 (CH 3 ), rN-C(sp 3 ) = 147.2(3) pm [8] ; NH(CH 3 ) 2 , rN-C(sp 3 ) = 145.5(2) pm [7] ; N(CH 3 ) 3 , rN-C(sp 3 ) = 145.2(2) pm [5]; NH(CH 2 CH 3 ) 2 , rN-C(sp 3 ) = 146.0(1) pm [9] ; N(CH 2 CH 3 ) 3 , rN-C(sp 3 ) = 146.4(1) pm [9] }, indicative of partial doublebond character being associated with these internuclear distances. In contrast, all three C-Cl internuclear distances in the experimentally determined structure of A {rC 2 -Cl 5 = rC 3 -Cl 8 = 184.1(1) pm, rC 4 -Cl 11 = 183.0(2) pm} are somewhat longer than those calculated for analogous free molecules {NH 2 (CH 2 CH 2 Cl), rC(sp 3 )-Cl = 179.6 pm (CCSD/ccpVTZ) [69] } in the gas phase. This is in harmony with the observations of Klapötke et al. [1] for the single crystal, the a Internuclear distances (r) are tabulated in picometers (pm) and angles (a) are tabulated in degrees. Refer to Fig. 1 for the nuclear labelling scheme earlier observations of Oberhammer et al. [18] [19] [20] [21] [22] [23] [24] [25] made using GED regarding the anomeric effect in N(CH 3 ) 2 (CH 2 F), and the theoretical work [26] [27] [28] [29] [30] in the literature regarding the anomeric effect in NH 2 (CH 2 F). A classic Bno-bond-doublebond^ [18, 19] resonance scheme, invoked to describe the geometric consequences of the anomeric effect in species such as N(CH 3 ) 2 (CH 2 F) (measurably shortened and lengthened rN-C and rC-F internuclear distances, respectively, and an increase in the aN-C-F angle [18, 19] ), can be adapted to give the immonium-like resonance structures of Scheme 1 for A, similar to that given by Klapötke et al. [1] given for the single crystal.
The anomeric effect in a range of fluorinated tertiary amines studied by Oberhammer et al. [18] [19] [20] [21] [22] [23] [24] [25] stabilizes the antiperiplanar configuration of the C-F bond with respect to the lone pair on the amine center relative to the synperiplanar configuration; the strength of the stabilization conferred being both proportional to the orbital overlap between the C-F σ* orbital and the lone-pair-containing orbital on the amine center and inversely proportional to the energy difference between the two orbitals [18] . Oberhammer et al. consequently report observing only the antiperiplanar configuration for species such as N(CH 3 ) 2 (CH 2 F) and N(CH 3 ) 2 (CF 3 ) [18, 19] in the gas phase. In the structure of TCMA reported by Klapötke et al. [1] for the single crystal, the three C-Cl bonds similarly adopt antiperiplanar configurations with respect to the lone pair on the amine center. In the gas phase, however, TCMA adopts the structure of A in which two CH 2 Cl groups are configured antiperiplanar while one is configured synperiplanar. The geometric consequences of the anomeric effect are therefore not uniform for all CH 2 Cl groups in TCMA.
In contrast to the structure reported by Klapötke et al. [1] for the single cystal, rN 1 -C 4 is neither shortened nor is rC 4 -Cl 11 lengthened-both being associated with the CH 2 Cl group that is configured synperiplanar-to more or less the same extent as the other N-C and C-Cl internuclear distances in A that are associated with the two CH 2 Cl groups that are configured antiperiplanar. rN 1 -C 4 is determined via GED to be 0.9(4) pm longer than rN 1 -C 2 and rN 1 -C 3 , and rC 4 -Cl 11 to be 1.1(3) pm shorter than rC 2 -Cl 5 and rC 3 -Cl 8 . We note that rC 2 -Cl 5 and rC 3 -Cl 8 lengthened somewhat more than might be expected were all resonance structures of Scheme 1 to be equally weighted.
These observations can be rationalized using molecular orbital theory. For B, in which all CH 2 Cl groups are configured antiperiplanar, orbital overlap of the C 4 -Cl 11 σ* orbital with the lone-pair-containing orbital on N is at the most optimal and, furthermore, is more or less equal to the overlap obtained by the other two CH 2 Cl groups. This situation is illustrated schematically in Fig. 6 . rN 1 -C 4 :rN 1 -C 2 and rC 4 -Cl 11 :rC 2 -Cl 5 ratios of approximately 1:1 can be expected in this case. For A, orbital overlap of the C 4 -Cl 11 σ* orbital with the lone-pair-containing orbital on N is sub-optimal relative to the overlap obtained by the other two CH 2 Cl groups. This situation too is illustrated schematically in Fig. 6 . rN 1 -C 4 :rN 1 -C 2 and rC 4 -Cl 11 :rC 2 -Cl 5 ratios of somewhat more than and less than 1:1 can be expected, respectively, in harmony with a weakened anomeric effect exerted on the synperiplanar CH 2 Cl group. These ratios, determined at the SOGGA11-X/cc-pVQZ level, are plotted as a function of dC 2 -N 1 -C 4 -Cl 11 in Fig. 6 . For A, these ratios are 1.007 and 0.994, respectively, and for B, these ratios are both 1.000, if they are evaluated at the SOGGA11-X/cc-pVQZ level. It is on this basis that we conclude that the first no-bond-double-bond resonance structure in Scheme 1 should be weighted less heavily than the other two no-bond-double-bond resonance structures for A. Inspection of the Mulliken charge distribution in A and B from our theoretical calculations at the SOGGA11-X/cc-pVQZ level further supports this conclusion as Cl 5 , Cl 8 , and Cl 11 share equal Mulliken charges in B {Cl 5 = Cl 8 = Cl 11 = − 0.123 a.u} and unequal charges in A {Cl 5 = Cl 8 = − 0.146 a.u; Cl 11 = − 0.138 a.u}. Although the geometric consequences of electrostatic effects should also in principle be measurable and are inseparable from those of the anomeric effect, a work by Oberhammer et al. on N(CH 3 ) 2 (CH 2 F) [19] suggests that the influence of the former on internuclear distances is less in magnitude than the influence of the latter.
Large aN-C-Cl angles-equally characteristic geometric consequences of the anomeric effect-are also acknowledged in the experimentally determined structure of A {aN 1 -C 2 -Cl 5 = a N 1 -C 3 -Cl 8 = 114.14(17)°; a N 1 -C 4 -Cl 1 1 = 111.98(21)°}. The geometry around all three C nuclei deviates considerably from the ideal tetrahedron. The aN 1 -C 4 -Cl 11 angle deviates less than either the aN 1 -C 2 -Cl 5 or aN 1 -C 3 -Cl 8 angles, by only 2.51(21)°compared to 4.67(17)°, however, and measures 2.17(38)°less than the latter two. This point is consistent with our conclusions. These angles are all smaller The adoption of different structures in the gas phase and in the single crystal could be rationalized on the basis of the net dipole moment of TCMA as a function of dC 2 -N 1 -C 4 -Cl 11 (Fig. 7) . In the single-crystal structure, in which the three C-Cl bonds adopt antiperiplanar configurations with respect to the lone pair on N, the net dipole moment of the TCMA molecule is maximized. In the unit cell, molecules of TCMA are predictably aligned antiparallel [1] such that there is consequently no net dipole moment for the single crystal. The net dipole moment is similarly maximized for B. The gas-phase structure, A, in which two CH 2 Cl groups are configured antiperiplanar while one is configured synperiplanar, is located in a lower-energy region of the ground-state potential surface where the net dipole moment is at a minimum. The stabilization conferred by the anomeric effect is weakened for A relative to B but could be compensated for via minimization of the dipole moment.
From Scheme 1, the predisposition of TCMA towards substitution at C 1 , C 2 , or C 3 [1] can be understood, accounting for the sensitivity of TCMA to moisture. Degradation of our sample of TCMA in transit between the sublimation tube and the analytical instruments used in this work spoilt initial batches of product. Methenamine, readily formed on exposure of TCMA to moisture, is difficult to avoid and is the identity of one confirmed impurity remaining in the final production batch; the presence of trace quantities of methenamine has been confirmed via Raman spectroscopy.
Raman spectroscopy of tris(chloromethyl)amine The experimental solid-state Raman spectrum of TCMA, recorded at 298 K, is presented in Fig. 8 .
The assignment of Raman-active intramolecular modes was guided by the computation of theoretical wavenumbers and Raman activities at the SOGGA11-X/cc-pVTZ level for B. B modestly resembles the C s -symmetric barstool structure of TCMA adopted in the single crystal; no empirical corrections were applied to B. The computation of theoretical wavenumbers and Raman activities at the SOGGA11-X/ccpVTZ level for methenamine was also used to assist the assignment of the Raman spectrum. Although not present in sufficient quantities in the gas phase to be detectable via GED, the sensitivity of the Raman spectroscopy technique is such that the Fig. 6 The ratios rN 1 -C 4 :rN 1 -C 2 and rC 4 -Cl 11 :rC 2 -Cl 5 as a function of dC 2 -N 1 -C 4 -Cl 11 . The ratios are evaluated at the SOGGA11-X/cc-pVQZ level, with full geometry optimization at every point. Schematic orbital overlap diagrams are overlaid. The label on the amide center is omitted from the orbital overlap diagrams for clarity Fig. 7 The net dipole moment, μ, in Debye of TCMA as a function of dC 2 -N 1 -C 4 -Cl 11 . The net dipole moments are evaluated at the SOGGA11-X/cc-pVQZ level, with full geometry optimization at every point. The stationary points A and B are indicated and 714.1 cm −1 are furthest from their experimental counterparts; both bands correspond to C-Cl stretching modes; the wavenumber of which is predicted poorly due to nonnegligible structural differences between B, as determined at the SOGGA11-X/cc-pVTZ level, and the single-crystal structure of TCMA. All other internuclear distances and angles in B are determined to be 0.3(3) pm and 1.2(4)°of the single-crystal b vs very strong, s strong, m medium, w weak, vw very weak c υ stretching, tw twisting, wa wagging, ρ rocking, sc scissoring, i nitrogen inversion/Bumbrella.^The subscripts Bs^and Ba^indicate whether the mode is symmetric or anti-symmetric, respectively. All assignments preceded by {M} refer to Raman-active intramolecular modes of methenamine d Calculations at the SOGGA11-X/cc-pVTZ level. The appropriate scaling factor is 0.959 [70] structure, but rC2-Cl5 and rC4-Cl11 are determined to be 2.4(2) and 1.8(3) pm shorter, respectively, shifting the theoretical peaks to higher wavenumbers. Experimental Raman band wavenumbers and indications of the relative intensity of these bands are given in Table 2 alongside their suggested identity; the latter is supported by tabulation of theoretical wavenumbers (both scaled and unscaled) for the suggested Raman-active intramolecular mode. Theoretical Raman activities are also tabulated.
Raman bands that are not readily assignable to a Ramanactive intramolecular mode of TCMA can be categorized into two sets: those with wavenumbers < ca. 200 cm The latter show only weakly in the spectrum and are attributable to the presence of the trace impurity methenamine. Where a Raman band is assigned to methenamine in Table 2 , it is supported by tabulation of theoretical wavenumbers (both scaled and unscaled) for the suggested Raman-active intramolecular mode. For these assignments, experimental and scaled theoretical Raman band wavenumbers differ by 23(2) cm −1 on average.
Raman spectra recorded at 298, 333, and 393 K as the samples were heated through the literature melting point (366 K) [40] and have allowed us to study the solid and the melt independently. These experimental Raman spectra, in the wavenumber region 200-1000 cm −1 , are presented in Fig. 9 (A-C) alongside theoretical Raman spectra computed at the SOGGA11-X/cc-pVTZ level for B (D) and A (E).
Raman-active intramolecular modes are observed to thermally broaden slightly but remain otherwise unchanged on transition from the solid state into the melt. The expected spectral changes on transition from B to A, as predicted via theory and illustrated in Fig. 9 , are not observed. The three experimental Raman spectra are an acceptable match to the theoretical Raman spectrum of B; experimental and theoretical Raman bands differ only by 12 (4) . It is sensible to conclude that a structure similar to B/that of the single crystal in which the three C-Cl bonds adopt antiperiplanar configurations with respect to the lone pair on the amide center is also adopted in the melt. It is unique in the gas phase that, free from intermolecular interaction and without stabilization of the large dipole moment of B, it is has so far been possible to observe A.
